Alpine biomes are climate change hotspots, and treeline dynamics in particular have received much attention as visible evidence of climate-induced shifts in species distributions. Comparatively little is known, however, about the effects of climate change on alpine shrubline dynamics. Here, we reconstruct decadally resolved shrub recruitment history (age structure) through the combination of field surveys and dendroecology methods at the world's highest juniper (Juniperus pingii var. wilsonii) shrublines on the south-central Tibetan Plateau. A total of 1,899 shrubs were surveyed at 12 plots located in four regions along an east-to-west declining precipitation gradient. We detected synchronous recruitment with 9 out of 12 plots showing a gradual increase from 1600 to 1900, a peak at 1900-1940, and a subsequent decrease from the 1930s onward. Shrub recruitment was significantly and positively correlated with reconstructed summer temperature from 1600 to 1940, whereas it was negatively associated with temperature in recent decades . Recruitment was also positively correlated with precipitation, except in the 1780-1830 period, when a trend toward wetter climate conditions began. Warminginduced drought limitation has likely reduced the recruitment potential of alpine juniper shrubs in recent decades. Ongoing warming without a simultaneous increase in precipitation is expected to further impair recruitment at the world's highest juniper shrublines and alter the dynamics and competitive balance between woody plant species throughout these alpine biomes.
INTRODUCTION
The effects of climate warming on terrestrial ecosystems (Stocker et al. 2013) are particularly visible at the edges of species distribution ranges. A prominent example is the transition between forested biomes and the treeless tundra in high latitudes and altitudes. Here, trees and shrubs have expanded beyond their preindustrial limits as a result of rising temperatures (Peñuelas et al. 2007 , Harsch et al. 2009 , Hallinger et al. 2010 , Myers-Smith et al. 2011 , Elmendorf et al. 2012a , Case and Duncan 2014 , Naito and Cairns 2015 , Sang€ uesa-Barreda et al. 2018 . Like treeline shifts, a pronounced shrub expansion has profound implications for the structure of the tundra and alpine ecosystems and their feedback to the climate system. For example, shrub expansion may change the surface albedo (Chapin et al. 2005) , alter the soil nutrient cycle (Connin et al. 1997 , Knapp et al. 2008 , Maestre et al. 2009 ), affect the permafrost layer thickness (Sturm et al. 2001) , and reduce vegetation biodiversity (Walker et al. 2006 , Joly et al. 2007 ). In turn, these changes could further amplify warming effects on alpine or Arctic biomes through local positive feedbacks. Evaluating recruitment success is therefore an essential key for understanding shrub range expansion and its effects on the carbon, water, and energy cycles in cold ecosystems.
Shrub recruitment is linked to both biotic and abiotic drivers (Meyer and Pendleton 2005 , Moreno et al. 2011 , Boulanger-Lapointe et al. 2014 . It has been shown that increased summer or winter temperatures strongly favor shrub recruitment in the Arctic tundra (B€ untgen et al. 2015, Myers-Smith and Hik 2018) . Water availability and demand could also codetermine shrub recruitment in drought-prone cold or continental areas (Meyer and Pendleton 2005 , Moreno et al. 2011 , Boulanger-Lapointe et al. 2014 , Li et al. 2016 ). In addition, biotic interactions and changes in land management are important for shrub coverage , Garc ıa-Cervig on et al. 2013 , Olsen and Klanderud 2014 . However, despite recent progress in understanding the dynamics and drivers of tundra shrublines, comparatively little is known about recruitment of alpine shrubs under global warming in cold-dry mountainous landscapes, such as the Tibetan Plateau (Wang et al. 2015) .
As the largest high-elevation area in the world, the Tibetan Plateau provides a variety of bioclimatic settings to test for the effects of climate change on alpine shrub communities. In this region, Juniperus pingii var. wilsonii (hereafter called juniper shrub) is the most widespread evergreen prostrate shrub and forms the world's highest juniper shrubline at an elevation of 5,280 m above sea level (Xiaoming Lu, personal observation). Gradual regional warming has been detected during 1600-1900, with an increasing warming rate since 1900 (Thompson et al. 2006 , Zhu et al. 2011 . These higher temperatures coincide with enhanced climate sensitivity of alpine ecosystems across the Tibetan Plateau (Piao et al. 2014 , and important changes in the composition and productivity of alpine plant communities can thus be expected in the future. Anticipating the nature and severity of these changes is a research priority that calls for the close monitoring of alpine juniper shrub recruitment. However, such studies have yet to be conducted and climate change impacts on high-elevation shrublines are incompletely understood, despite their relevance to the future functioning of alpine biomes.
In the present study, we combined extensive field measurements with dendroecological analyses in a shrubline plot network situated in the south-central Tibetan Plateau to (1) reconstruct decadal variations of juniper shrub recruitment and (2) identify the climatic drivers that control juniper shrub recruitment across large spatial scales (~300,000 km 2 ). Given that moisture is a limiting factor for juniper shrub growth (Liang et al. 2012) and that a lack of tree recruitment has been observed in semiarid areas of the northeastern Tibetan Plateau under climate warming , we hypothesize that warming-induced drought stress could also negatively affect the recruitment of alpine juniper shrubs, and such an effect is stronger at the semiarid edge of the sampled gradient on the southcentral Tibetan Plateau. To test these hypotheses, we reconstructed shrubline age structure and recruitment along an east-west gradient from wetter to drier conditions.
MATERIALS AND METHODS

Study sites and climate
This study was conducted at four main juniper shrubline (defined as the upper limit of juniper shrub) sites located on the south-central Tibetan Plateau (Fig. 1 , 28.5°-32.0°N, 84.5°-93.0°E). The four selected regions (from east to west) are Songduo (SD), Damxung (DX), Namling (NM), and Saga (SG; Fig. 1 ; Appendix S1: Table S1 ). Sites range in elevation from 4,933 to 5,220 m. These shrubline sites are largely undisturbed by human activities (e.g., fire, grazing, and logging). There is also no obvious evidence of insect attack, fungal infection, or wounding. The study area is located in a transition zone that is seasonally affected by the Indian summer monsoon and westerly winds. It is characterized by alpine semi-humid climate conditions in the east and alpine semiarid climate conditions in the west. In summer, the study region is mainly influenced by the Indian summer monsoon and associated precipitation pulses (Tian et al. 2001) . In winter, climate is mainly driven by the westerly wind system. There are eight meteorological stations in the study area (locations shown in Fig. 1b ). According to station data, the annual mean temperature (AMT) and annual mean total precipitation (AP) range from À1.1°C (Naqu, 1955 (Naqu, -2014 to 8.8°C (Zedang, 1960 (Zedang, -2014 and from 274 mm (Tingri, 1959 (Tingri, -2014 to 476 mm (Damxung, 1963 (Damxung, -2013 , respectively (Appendix S1: Fig. S1 ). We observed a significant warming trend (>0.2°C per decade) across all meteorological stations during the 1963-2013 period. However, AP significantly increased only at three meteorological stations (Baingoin, Naqu, and Xainza) over the same period ( Fig. 2a ).
As the available instrumental climate data are limited to approximately the past five decades, we used existing climate reconstructions to assess the variability of temperature and precipitation on the Tibetan Plateau during the period of 1600-2000. The z scores of a tree-ringbased summer temperature reconstruction on the southern Tibetan Plateau were used as a proxy of summer air temperature variability (Zhu et al. 2011 ). This temperature proxy indicates a warming trend since 1900 ( Fig. 2b) . Last, glacier snow accumulation in Dasuopu was used as a precipitation proxy (Thompson et al. 2000) and showed a gradual increase from 1800 to 1880 and a slight decrease thereafter ( Fig. 2c ).
Field sampling and dendroecological methods
Three rectangular plots (30 9 150 m) were established in each region (SD, DX, NM, and SG) from July to September in 2014 and 2016. We used Global Positioning System (GPS) to record the geographic location of each plot at AE5 m accuracy. The long side of each plot was oriented parallel to the slope direction (Camarero and Guti errez 2004, Wang et al. 2016b) , with the upper side set above the current elevation of the shrubline. The basal stem diameter of each shrub within a plot was then measured using diameter tapes (Wang et al. 2015) . From each shrub, we measured the thickest basal stem and assumed that it was the oldest stem. In total, we surveyed 1,899 juniper shrubs in the 12 shrubline plots located across the four studied regions. During our field surveys, we found very few seedlings and saplings, and no dead juniper shrubs were observed in each plot. In the period 2001-2010, among all sites only two individuals established in DX-U1 and one individual established in NM-U3. No recruitment from 2011 to 2014/ 2016 was detected within the sampled plots.
Juniper shrubs form well-defined annual growth rings that have proven to be reliable for dendrochronological dating (Liang et al. 2012 ). Thus, we used standard dendroecological techniques to estimate the ages of all the measured shrubs, as has often been done in treeline and shrubline studies (Camarero and Guti errez 2004 , Liang et al. 2011 , Garc ıa-Cervig on et al. 2017 , Sigdel et al. 2018 . Additionally, a total of 277 juniper shrubs with different basal stem diameters located just outside the shrubline plots were selected to represent different age classes. Their approximately round cross-sections were then collected to establish age-diameter relationships for the four study regions (DX, n = 54 shrubs; NM, n = 67 shrubs; SG, n = 105 shrubs; SD, n = 51 shrubs). These cross-sections were sampled at the thickest stem base from each shrub, air dried, and sanded using progressively finer sandpapers until the ring boundaries were clearly visible. After polishing, we estimated the shrub age as the maximum number of growth rings counted along two radii of each disc, and we measured the diameter of these cross-sections. Thus, we established an age-diameter relationship separately for each of the four regions (Appendix S1: Fig. S2 ). The mean errors between ages estimated with this relationship and actual ages from their basal stem diameters were <11 yr (DX, 9 AE 6 yr; NM, 11 AE 7 yr; SG, 11 AE 6 yr; SD, 8 AE 5 yr). We subsequently estimated the age of all 1,899 individuals at decadal resolution. The oldest individual attains age up to 771 yr at SG-U3. Given that very few shrubs established before 1600, we reconstructed the recruitment history of juniper shrubs from 1600 to 2010.
The age structure of juniper shrubs is fundamental to understanding population dynamics in shrublines. Given the present lack of seedlings and saplings in most plots, the recruitment refers to the number of juniper shrubs that established in older time intervals and survived to a large size (basal stem diameter >0.5 cm). The population age structure in the plots was considered to be a result of the balance between recruitment and mortality (Wang et al. 2016a ). If climate change enhances shrub establishment more than mortality, population density is expected to increase. As recruitment has higher climate sensitive than mortality, changes in shrub recruitment are expected to be more rapid than changes in mortality at the shrubline (Lloyd 1997) . Consequently, we assumed that mortality was low and constant across the 12 plots. Most of the analyses presented herein, and indeed similar analyses from other treeline studies, are based on similar assumptions (Camarero and Guti errez 2004 , Auger and Payette 2010 , Wang et al. 2016a ).
Statistical analyses
Differences in the decadal recruitment series (defined as variation of the number of juniper shrubs established in decadal time intervals) among the 12 plots were assessed using the Kruskal-Wallis test. The mean value of the 12 recruitment series was used to quantify the recruitment pattern of the whole study area. We calculated Spearman correlations between the 12 recruitment series. The relationships between decadal recruitment series and reconstructed climate were also determined using Spearman correlations. The tree-ring-based summer temperature reconstruction (Zhu et al. 2011 ) and the reconstructed precipitation derived from glacier accumulation rates (Thompson et al. 2000) overlap with the shrub recruitment chronologies in the periods 1600-2000 and 1600-1990, respectively. Thus, the last decade of recruitment (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) was not analyzed. In addition, a moving-window of Spearman correlations between the mean value of the 12 shrub recruitment series and climate was used to detect periods with changing climate-recruitment relationships. We selected a moving-window of 70 yr for this analysis.
RESULTS
We reconstructed the decadal shrub population age structure in the 12 plots from 1600 to 2010 (Fig. 3) . Kruskal-Wallis tests showed that the recruitment is consistent among the 12 plots (v 2 = 9.48, df = 11, P = 0.58). As shown by the Spearman correlations, recruitment patterns were consistent between the three plots at each site (Appendix S1: Table S2 ). Among the four study sites, the recruitment in SD was similar to that observed at the DX, NM, and SG sites (except for SG-U3). The recruitment in DX-U1 and DX-U2 has FIG. 3. Decadal shrub recruitment series reconstructed in 12 shrubline plots and their mean recruitment series from 1600 to 2010 (individuals/ha). The recruitment peak in each plot is indicated by the † symbol. Note that the SD-U2 and SG-U2 plots have two recruitment peaks. significant positive correlations with NM-U2 and SG-U1, whereas correlations were lower between the DX-U3, NM, and SG sites. The recruitment in DX-U1 was similar to that of NM-U1 and NM-U3. Similarities in recruitment between plots at the NM and SG sites were also found (e.g., NM-U1, SG-U1, and SG-U2). By contrast, the recruitment pattern in SG-U3 differed from that of the other three sites.
The recruitment series in nine plots (DX-U1, DX-U2, NM-U1, NM-U2, NM-U3, SG-U1, SG-U3, SD-U2, and SD-U3 plots; see Fig. 3 ) had the maximum recruitment rate during the period from 1900 to 1940. In spite of the continued rise in temperature thereafter (Fig. 2) , the recruitment (excepting DX-U3) decreased after the 1930s (Fig. 3) . The decadal summer mean temperature was positively related to shrub recruitment from 1600 to 1940, but negative associations were observed from 1930 to 2000 (except in DX-U3; Fig. 4 ). The reconstructed precipitation series was positively associated with shrub recruitment for the 1600-1940 and 1930-1990 periods (except in the SG-U3 and DX-U3 plots). The correlations between the mean recruitment series and climate factors were, in general, similar to those found at individual sites. The moving-window Spearman correlation analysis indicates that the positive effect of summer temperature changed to negative after 1940 (Fig. 4b) . In FIG. 4. (a) Results of Spearman correlation analyses relating the decadal shrub recruitment series of 12 shrubline plots to reconstructed climate variables for the Tibetan Plateau. Spearman correlation analyses between the mean series of 12 recruitment sites and climatic variables are shown in the last column of each graph in panel a. Spearman moving-window (window size: 70 yr) correlation results between the mean recruitment series of all 12 shrubline plots and climate variables are also shown panels b and c. Climate variables include decadal summer mean temperature (based on tree-ring width data) and decadal precipitation (based on glacier snow accumulation in Dasuopu). The analysis period is indicated in the top left corner of each graph. The dashed horizontal lines indicate the significance level (P < 0.05). addition, negative moving-window correlations between precipitation and the mean recruitment series were observed in the period of 1780-1830 ( Fig. 4c) , during which a gradual increase in reconstructed precipitation occurred (Fig. 2c ).
DISCUSSION
Juniper shrublines on the south-central Tibetan Plateau provide an excellent setting to reconstruct the age structure of treeless alpine communities over the past four centuries. The age structures of tall trees are often related to climatic change and disturbance regimes (Villalba and Veblen 1997) . Taking into account that very few disturbances affected the four shrubline sites, climatic change is likely to be the main driver of variations in their age structures. Accordingly, most study plots showed a common recruitment pattern (Appendix S1: Table S2 ). The dominant role of macroclimate is further confirmed by a significant correlation between the mean recruitment series of the shrubline network and temperature from 1600 to 2000. Being similar to the recruitment at the upper treelines in the Rocky Mountains (Elliott 2011) , juniper shrub recruitment is also affected by site-specific factors (e.g., microtopography, aspect, plant interactions), and not all local recruitment patterns were similar between the 12 sampled plots. For example, the SG-U3 site was the highest shrubline (5,220 m above sea level), and its recruitment showed weak but positive correlations with that in SD, DX, and NM sites.
Temperature played an important role in driving the recruitment of junipers at the high-elevation shrubline (Fig. 4) . However, the influence of warming on recruitment shifted in the 1930s, when we detected a transition in the climate-recruitment relationships (Fig. 4) . Prior to the 1930s, positive effects of temperature on shrub recruitment indicated that milder climate conditions benefit shrub regeneration. Such a pattern has also been found in the Arctic tundra (Elmendorf et al. 2012a, Myers-Smith and Hik 2018) . Generally, the seed germination period is critical in the recruitment process of alpine woody plants (K€ orner 2003) . Manipulative studies on shrub recruitment have suggested that summer warming substantially decreases the seed germination time and increases seed germination rates (Graae et al. 2008) . Summer warming is usually associated with a longer growing season, which may further increase the chance of seedling survival (Milbau et al. 2009 ). At the treeline, increased summer and winter temperatures are assumed to promote seed viability and recruitment by reducing the possibility of frost damage and desiccation injury (Kullman 2014) .
In contrast to the 1600-1940 period, our results indicate negative effects of warming on shrub regeneration after the 1930s (Fig. 4) . This suggests that the climate optimum for recruitment was reached around the 1930s and that warming-induced drought stress subsequently limited shrub regeneration. Similarly, a recent global meta-analysis has shown that shrub abundance is not sustained as warming progresses in tundra areas (Elmendorf et al. 2012b ). In addition, a lack of shrub recruitment was also observed in response to abnormal warming during recent years in polar dry biomes (Boulanger-Lapointe et al. 2014 , B€ untgen et al. 2015 . In several drought-prone treeline sites worldwide, low tree recruitment has also been observed in recent decades (Cuevas 2002 , Camarero and Guti errez 2004 , Dulamsuren et al. 2010 , Khansaritoreh et al. 2017 , Xu et al. 2017 . Drought stress may be even more intense at shrublines, where rocky and shallow sandy soils amplify evaporation and soil moisture loss under warming climate.
Moisture availability is considered to significantly affect recruitment in arid areas (Kitzberger et al. 2000 , Waal et al. 2009 ). For example, rapid glacier melting supplied sufficient moisture for willow shrub (Salix arctica Pall.) colonization in glacier forelands in the High Arctic (Boulanger-Lapointe et al. 2014) . The predominance of birch (Betula nana L.) shrubs in dry northeastern Siberia could also be related to high summer precipitation (Li et al. 2016) . By contrast, our study area is characterized by cold and dry alpine conditions with high radiation and evaporation levels (Liang et al. 2012) . It is thus feasible that moisture availability has become a primary limiting factor of recruitment rate, in particular under a high solar radiation (Bader et al. 2007) . It is clear that most of the sampled juniper shrubs established in periods with suitable temperatures and abundant water supply from 1600 to 1940. However, the instrumental climate data show that precipitation has not significantly increased across the study area during the past five decades (Fig. 2a ). In addition, the reconstructed precipitation derived from glacier accumulation rates and tree-ring d 18 O-derived hydroclimate reconstructions from the southern Tibetan Plateau have shown a drying trend since the 1930s (Thompson et al. 2000 , Grießinger et al. 2011 , Liu et al. 2014 . Together with the continuous warming effect, we conclude that the decline in juniper shrub recruitment has resulted from increasing drought stress in our study area. Future studies should test whether such changing relationships between shrub regeneration and rising temperatures depend on threshold-type responses to climate (Elliott 2012) , or if they are also affected by local-scale biotic interactions (Garc ıa-Cervig on et al. , Elliott and Cowell 2015 , Lett and Dorrepaal 2018 . If shrub recruitment at shrubline decreases in the future, such biotic interactions would greatly affect the biodiversity and composition of alpine biomes and the capacity of these communities to regulate carbon and water cycles at high elevations. Interestingly, the period during which precipitation had a negative effect on shrub recruitment (1780-1830) coincides with the Little Ice Age (LIA) that preceded a wet climate phase. The cold conditions during the LIA likely delayed snow-melt and the onset of growth season, leading to reduced shrub recruitment.
Our results do not support the initial hypothesis that warming-induced drought stress is stronger at the semiarid edge of the sampled gradient. For example, recruitment at the SG-U1 and SG-U3 plots showed lower temperature sensitivity than at the SD and NM sites (excepting SD-U1) during the recent decades. It is likely that elevation-related precipitation changes play an important role in regulating the climatic sensitivity of juniper shrub recruitment. The meteorological records along the altitudinal range from~4,400 to 5,300 m at the DX site show increasing precipitation with increasing elevation up to 5,100 m, and then slightly decreasing precipitation at higher elevations (Li et al. 2013) . The elevation of the shrubline gradually increases from east (SD) to west (SG) in our study area (Appendix S1: Table S1 ). Enhanced precipitation and reduced temperature with increasing elevation may buffer the drought stress at the western sites.
The decline in recruitment of woody plants and the negative effect of climate warming is a new challenge for alpine ecosystems. Recently, warming-induced drought stress has already resulted in growth decline and increased tree mortality events in semiarid mountain forests (Liu et al. 2013 , Allen et al. 2015 , Xu et al. 2017 , Andrus et al. 2018 . Furthermore, several studies showed that interactions between temperature and precipitation leading to dry conditions limit seedling establishment and tree species distribution shifts in the Rocky Mountains (Hessl and Baker 1997 , Lloyd and Graumlich 1997 , Elliott 2012 , Moyes et al. 2015 , Kueppers et al. 2017 . High-elevation forests on the dry northeastern Tibetan Plateau are increasingly at risk of growth decline and mortality , Fang et al. 2018 , Ren et al. 2018 . In addition, drought has also increased the frequency of missing rings in alpine birch forests in the central Himalayas (Liang et al. 2014 ). There has also been an increasing negative impact of atmospheric vapor pressure deficit on alpine grassland productivity (Shen et al. 2015 , Ding et al. 2018 ). This combined evidence, together with the findings presented herein, suggests that warming climate may trigger unprecedented changes in alpine and subalpine ecosystems, which are associated with amplified drought stress.
To conclude, our findings provide new evidence of changing sensitivity of alpine juniper shrub recruitment to global warming at the world's highest shrublines situated on the Tibetan Plateau. Alpine shrub recruitment is a key ecological indicator that provides early warning signs of climate change-induced changes in alpine ecosystems. The increasing shrub recruitment prior to the 1930s was followed by a decrease toward present, suggesting that a temperature optimum for shrub recruitment was reached and passed. Hence, further warming is expected to reduce the resilience and increase the vulnerability of alpine shrublands. Given the forecasted acceleration of climate warming, a decreasing trend in shrub recruitment is expected in response to increasing warming-induced drought stress across these alpine areas.
